Water and pollutant release from a disturbed urban snowpack was studied in an experimental plot encompassing a road section and the adjacent grassed boulevard in the city of Luleå, in northern Sweden. Winter road maintenance in this area includes snow ploughing and applications of grit without any road salts. During the study period, 18 snowmelt events were observed. Compared to rural areas and urban areas with extensive use of chloride in winter road maintenance, in the former case, the observed snowmelt quality differed by relatively high and uniform pH (7.7-8.1) and, in the latter case, by low chloride event-mean-concentrations (EMCs) (5.7-123.4 mg/L) and conductivity (11.6-60.7 mS/m). Total suspended solids (TSS) EMCs greatly exceeded those reported for rural snowmelt and urban rainfall runoff and contributed to the high pH buffering capacity of deposited snow. Observed concentrations of total and dissolved heavy metals were compared to water quality guidelines that suggested a high likelihood of biological effects. Chloride was the only pollutant that indicated an early release and all other constituents showed a uniform release with snowmelt from the snowpack. The partitioning of heavy metals between total and dissolved phases indicated the highest dissolved fractions for Cu, followed by Cd, Ni and Zn, and the lowest values were observed for Pb. The urban snowmelt characteristics substantially differed from those reported for undisturbed sites with respect to higher pollutant loads, high pH buffering capacity and a general absence of early or delayed pollutant release from the snowpack.
INTRODUCTION
Urban runoff conveys a variety of materials and chemicals that significantly impact water quality and aquatic habitats in the receiving waters (Marsalek et al. ) . During the past 40 years, more than 1,000 papers have been published on urban stormwater quality (Duncan ) . The vast majority of these papers (∼95%) examined water quality dynamics in mild climate conditions without snowfall (Marsalek et al. ) . In cold climate regions, the pollution processes occurring in urban catchments are dramatically altered with respect to: (a) higher rates of accumulation of street sediment and chemicals (Malmqvist ) , (b) pollutant storage in urban snow (typically stored in snowpacks, windrows along streets and roads or storage site piles) (Viklander ) and (c) physical/chemical processes in snow deposits, including the release of sediment and chemicals (Westerström ; Westerlund ).
Knowledge of pollutant release is particularly important
for understanding the chemistry of snowmelt and winter runoff and improving contaminant transport models. Consequently, pollutant release from snowpacks has been studied in a variety of environments. Jeffries () reviewed a number of studies on pollutant release from (undisturbed) winter-long snowpacks in rural catchments. Data from these studies supported the hypothesis that preferential elution of solutes caused elevated pollutant concentrations to leave the snowpack during early phases of snowmelt (Johannessen & Henriksen ) . Colbeck () described freezing and thawing cycles which cause impurities to migrate to the terminus of the crystal, where they subsequently become available for wash-off by the percolating meltwater. The meltwater scavenges dissolved pollutants until the pack is saturated, the dissolved pollutants are collected in a 'wetted front' moving through the pack and eventually leaving the pack with a concentrated pulse of meltwater. In contrast, solids and associated hydrophobic substances stay in the pack until the last 5-10% of meltwater leaves the pack (Schöndorf & Herrmann ) and coarser particles usually remain behind after the pack is fully depleted (Viklander ) . The process of preferential or delayed pollutant release can be characterized by empirical relationships, which can be used for modeling pollutant release. Such relationships were verified at various scales, including laboratory bench tests (Schöndorf & Herrmann ) , a snow lysimeter (Westerström ) , an undisturbed snow pile (Viklander ) and undisturbed natural snowpacks (Johannessen & Henriksen ) .
The main purpose of this study is to examine whether the processes of preferential elution of solutes and delayed release of solids and associated hydrophobic chemicals occur in urban snow deposits along streets and roads in northern Sweden, recognizing that the snow is exposed to: 
METHODS

Study site
The study site was a section of Södra Hamnleden Road 
RESULTS AND DISCUSSION
Snowmelt hydrology
Air temperatures measured at the study site and the precipitation data from Bergnäset, averaged over 12 h intervals for the period from January 1 to May 10, 2004 are shown in Figure 1 . Table 2 together with their basic characteristics. Snowmelt event volumes varied from 0.067-2.22 m 3 , ranged in duration from 3-16 h and the maximum flow rates ranged from 0.009 to 0.342 L s À1 . The total volume of snowmelt runoff was estimated at 15.5 m 3 and represented about 75% of total runoff during the study period.
Snowmelt quality
Concentrations of the selected conventional water quality constituents, TSS, pH, conductivity, and chloride are presented in Table 3 .
The mean pH throughout the snowmelt period fluctuated between 8.1-8.4, with the exception for April 6 and 23, when pH decreased to 7.7. The mean chloride concentration and conductivity were highest at the beginning of the snowmelt period but gradually decreased, except for a minor peak on March 18 and near the end of the snowmelt period on April 9 and 10 (Table 3) . There was a strong correlation between chloride and conductivity data (r ¼ 0.91, p < 0.01). Accordingly, this relationship was used to model chloride data for five events ( Table 3 were at least an order of magnitude lower.
Mean concentrations of total and dissolved fractions of heavy metals (Cd, Cu, Ni, Pb and Zn) are listed in Table 4 . Similarly to TSS, the total mean concentrations of heavy metals studied varied throughout the snowmelt period, without any clear pattern of higher concentrations in the beginning or at the end of the snowmelt period.
The heavy metal burdens were predominantly in the particulate phase, with the dissolved phase containing only a minor fraction (<10%). A similar finding was reported in an earlier study by Westerlund et al. () who observed that a large part of the total metal burden was in the particulate load during snowmelt-induced runoff.
It was of interest to assess the environmental significance of the observed metal concentrations in snowmelt. particularly with respect to dissolved Cu and its associated risks of chronic and acute toxicity.
Pollutant release from the disturbed urban snowpack
The release of pollutants from snowpacks is typically related to the release of water from the snowpack (Schöndorf & Herrmann ; Westerström ; Viklander ;
Westerlund ). In the present study, the cumulative pollutant mass, divided by the total event pollutant load, is plotted vs. the cumulative release of water divided by the total mass of water released from the snowpack over the snowmelt period (Figure 2) . For a uniform release of pollutants, the relative load plots as a 45 W line (Figure 2 ). When the curve plots above this line, it represents advanced release (also called the preferential elution, or the first flush, when plotted for a single event), and when the curve falls below the line it represents a delayed release. The preferential elution was reported for releases of chemical solutes from undisturbed snowpacks (Colbeck ) and the delayed elution was reported for hydrophobic chemical releases from undisturbed snowpacks (Schöndorf & Herrmann ) . This form of data analysis was adopted here and pollutant releases vs snowmelt were plotted in In urban snowpack conditions reported here, pH remained relatively high (8.1-8.4), which is explained by the high buffering capacity of solids in the snowpack. This is documented in Figure 3 showing the variation of snowmelt pH with TSS concentrations.
Viklander & Malmqvist () reported high pH and
concentrations of solids in a laboratory study of urban snow samples. An important source of TSS in urban snow is the application of anti-skid materials in winter road Zn <5 5 -20 20-60 60-300 >300 120 120 30 a Swedish EPA: class 3biological effects may occur, classes 4 and 5a growing risk of biological effects; metal concentrations in class 5 affect the survival of aquatic organisms even after short exposure times (Swedish EPA 2000) . b The US EPA guidelines for acute/chronic concentrations is an estimate of the highest concentration of a material in a surface water to which an aquatic community can be exposed briefly/ Preferential elution was, however, observed for chloride originating from road salt. Road salt (NaCl) in snowmelt will dissolve into positively charged sodium ions and negatively charged chloride ions (Na þ , Cl À ). The chloride ion is very mobile and will not react, to a large extent, with other pollutants or absorb to solids. Its transport is therefore related to the rate of physical elution from the snowpack (Marsalek The issue of pollutant release from the disturbed snowpack was also addressed for total and dissolved heavy metals (Figure 4 ). Only the cumulative release curves for Cu and Zn are shown (Figure 4) ; the release curves for Cd, Ni and Pb were similar to those for Cu and Zn.
In general, the release of both total and dissolved heavy metals was uniform and this has implications for the design of best management practices (BMPs) in a cold climatea substantial part (if not all) of the snowmelt event volume has to be captured and treated. That is different from controlling rainfall-generated runoff with the first flush, when the capture of the initial runoff part may control a disproportionately high fraction of the total pollutant load (Marsalek et al. ) . However, some weak tendencies of an early release of dissolved metals can be discerned. The release of particulate heavy metals, representing more than 90%
of the total metal burden in the snowpack, is similar to that of TSS (Figures 2 and 4) . This similarity can be explained by the close affinity of metals to solids, caused by adsorption, exchange reactions and complexation of the heavy metals and particles in urban snowmelt with high TSS concentrations.
Investigations of urban snow by Daub et al. () and
Glenn & Sansalone () showed that the concentrations of total metals were strongly influenced by the concentration of suspended solids. A good correlation between concentrations of TSS and particulate metals was also confirmed in this study, as shown in Figure 5 and These factors then affect the release of pollutants from urban snowpacks, particularly where such snowpacks are disturbed by road maintenance operations, including snow ploughing and spreading road salts and anti-skid materials.
While increased solubility of metals in rural snowmelt is The partitioning between dissolved and total heavy metal fractions during the study period was expressed as C diss /C tot (%) and displayed in Figure 6 for Cu and Pb, which exhibited the highest and lowest dissolved fractions, respectively.
Temporal variation in metal partitioning was similar for all metals. A small peak occurred during the February events, which decreased during the March events, and a large peak occurred during the final snowmelt in April. It is speculated that the early small peak was caused by chloride in the snowmelt; however, there is no obvious explanation for the large peak in April. In the overall assessment, the highest dissolved phase was found for Cu (up to 35%), the lowest for Pb (<1.3%) and the remaining metals, Cd, Ni and Zn, were about the same (∼20%). It would appear that partitioning of these metals in urban snowmelt is rather complex, not as yet well understood, influenced by both natural (e.g. chemical properties, water temperature) and anthropogenic (TSS, pH, salts) factors, and deserves further study. TSS, H þ ions, and total and dissolved heavy metals was uniform, which has implications for the design of best management practices for snowmelt treatmentmost of the snowmelt volume has to be captured and treated. The partitioning of heavy metals between total and dissolved loads indicated the highest dissolved fractions for Cu (up to 35%), followed by Cd, Ni and Zn (about 20%), and the lowest values were observed for Pb (<1.3%). Heavy metal partitioning in urban snowmelt is complex, and is affected by a number of confounding factors (chemical properties of individual metals, temperature, TSS, pH and salts).
CONCLUSIONS
